The possibility of intragenic heterogeneity between copies of the long intergenic (1 63-235 rDNA) spacer region (LISR) was investigated by specific amplification of this region from 21 Enterococcus faecalis isolates. Three copies of the LlSR (rrnA, B and C) were demonstrated by hybridization of the LlSR to genomic DNA cleaved with I-Ceul and Smal. When the LISR amplicon was digested with Tsp5091, two known nucleotide substitutions were detected, one 4 nt upstream from the 5' end of the tRNAaIa gene (allele rrnB has the TspSOSl site and rrnA and Cdo not) and the other 22 nt downstream from the 3' end of the tRNAa'* gene (rmC has the Tsp5091 site). Sequence differences at these sites were detected at the allelic level (alleles rrnA, B and C) and different combinations of these alleles were designated lsp Types. Using densitometry to analyse bands from electrophoresis gels, the intra-isolate ratios of the separate alleles (rmA:rmB:rmC) were determined in each Tsp Type: I (0:3:0), II (l:2:U), 111 (2:O:I)' IV (3:0:0)# V (2:1:0) and VI (1:l:l). Sequence variation between the three copies of the LlSR was confirmed by the detection of at least five other intra-isolate nucleotide substitutions using heteroduplex analysis by conformation-sensitive gel electrophoresis (CSGE) that were not detected by Tsp5091 cleavage. Perpendicular denaturing gradient gel electrophoresis was capable of resolving homoduplexes; six to seven out of a possible nine curves were obtained in some isolates. In the isolate where seven curves were obtained one or more further nucleotide substitutions, not detected by TspSO9l cleavage or CSGE, were detected. On the basis of LlSR sequence heterogeneity, isolates were categorized into homogeneous (only one allele sequence present) and heterogeneous (two or three allele sequences present). The transition between homogeneous and heterogeneous LlSRs may be useful in studying evolutionary mechanisms between E. faecalis isolates.
INTRODUCTION
Enterococci are opportunistic human pathogens. The two species that usually cause infections, Enterococcus Abbreviations : CSGE, conformation-sensitive gel electrophoresis; DGGE, denaturing gradient gel electrophoresis; SISR and LISR, short and long intergenic (165-23s rDNA) spacer region, respectively.
The GenBank accession number for the 165 rRNA gene sequence reported in this paper is AF039902. The Institute for Genornic Research (TIGR) E. faecalis database accession number for the 235 rRNA gene sequence reported in this paper is 6199. faecalis and Enterococcus faecium, can acquire multiple antibiotic resistance, leaving few therapeutic options. Rapid species identification incorporating the PCR detection of species-specific ligase genes that confer antibiotic resistance have been used to determine the presence of antibiotic-resistant E. faecalis and E. faecium (Miele et al., 1995 ; Patel et al., 1997 ; Bell et al., 1998) . Of the two vancornycin resistance phenotypes found in E. faecalis and E. faecium, VanA (encoded by uanA) confers high level resistance to both vancomycin and teicoplanin and VanB (encoded by uanB) confers mod-IP: 54.70.40.11
On: Sat, 22 Dec 2018 20:10:49 V. G U R T L E R a n d O T H E R S erate to high level resistance to vancomycin only (Arthur et al., 1996) . The origin of vanA and vanB is unknown and it is likely, from the diversity of types causing outbreaks that acquisition of resistance is due to repeated sporadic events (Bell et al., 1998) . Once acquired, it has been shown in numerous outbreaks that nosocomial spread accounts for considerable amplification of antibiotic-resistant enterococci (Dunne & Wang, 1997; Pegues et al., 1997) .
The proportion of E . faecalis and E . faecium clinical isolates amongst the 19 Enterococcus species is about 90 and 5-10 %, respectively (Facklam & Collins, 1989 ; Murray, 1990) . Most studies have shown more antibiotic-resistant E . faecium than E. faecalis isolates (Bell et ul., 1998; Uttley et al., 1988) . The genus has been delineated on the basis of serological and 16s rRNA sequence studies as a genetically distinct but heterogeneous group (Schleifer & Kilpper-Balz, 1984 , 1987 . The 16s rRNA sequences have been determined from 17 Enterococcus species (Patel et al., 1998) . On the basis of 16s rRNA sequencing, E. faecalis (Williams el al., 1991; Monstein et al., 1998; Patel et ul., 1998 ) and E. faecium (Monstein et al., 1998) formed distinct lineages within the genus.
The number of rrn operons in Enterococcus species has only been determined for Enterococcus hirae in which the number has been estimated as six (Sechi & Daneo-Moore, 1993) . The intergenic (16s-23s rDNA) spacer region (ISR) has been used to detect spacer-length polymorp hisms by electrophoresis for Enterococcus species identification (Tyrrell et al., 1997) . In E. faecalis there are short and long intergenic (16-23s) rDNA spacer regions (SISR and LISR, respectively) with a tRNA'" gene present in the LISR (342 bp) and absent in the SISR (240 bp) (Na'imi et al., 1997; Hall, 1994) . The only other differences detected were five nucleotide substitutions in the LISR from four E . faecalis isolates (Hall, 1994) . In this study the aim was to determine the number of LISRs in the E. faecalis genome and then use three simple screening techniques for the detection of intragenomic nucleotide substitutions between LISRs from 21 E. faecalis isolates.
Variation due to the rearrangement of blocks of nucleotides (varying in length from 3 to 108 bp) has been found in the ISR of a number of species, including Clostridium dificile (Giirtler, 1993) , Staphylococcus aureus (Giirtler & Barrie, 1995) , Escherichia coli (Anton et al., 1998; Garcia-Martinez et ul., 1996a, b) , Salmonella enterica (Perez-Luz et al., 1998) and Vibrio cholerae . The number of nucleotide substitutions between intragenomic and interisolate copies is small in the ISR sequence blocks of Staphylococcus aureus (Giirtler & Barrie, 1995) and Escherichia coli (Anton et al., 1998) . These studies show that the rearrangement of sequence blocks results in sequence heterogeneity between intragenomic copies of the ISR and sequence conservation of blocks is consistent with concerted evolution (homogenization) of the ISR (Gurtler & Mayall, 1999) . Possible mechanisms to explain these two apparently opposing events within the ISR are relatively frequent horizontal transfer (Perez-Luz et al., 1998) and recombination events between complete r m operons (Liu & Sanderson, 1995) . In contrast to the examples listed above, the variation found in copies of the ISR of E . faecalis appears to be limited to the presence or absence of the tRNAal' gene and a limited number of intraspecies nucleotide substitutions at which intragenomic differences have not been demonstrated. The aims of this study were to demonstrate intragenomic nucleotide substitutions between copies of the LISR in E. faeculis isolates and the relationship of these substitutions to concerted evolution.
METHODS
Bacterial isolates. The 21 E. faecalis clinical isolates were divided into two groups on the basis of van genotype: (1) vanB (see below), 3,66397,70726, 86228, 84706,235, 173, 162; (2) non-vanA, vanB or vanC (see below), 196,65,87578,197,198, 200,185,203,195,89349,84546,86549,87631 . Those clinical isolates with designations of three numerals or less were provided by Jan Bell (Adelaide) and were isolated from hospitals in Melbourne, Sydney or Adelaide (isolates with the vanB genotype were reported in Bell et al., 1998) . The remaining clinical isolates were obtained from the Austin & Repatriation Medical Centre (A&RMC).
Phenotypic and genotypic species identification. The E . faecalis isolates were identified by phenotypic identification (Vitek and API), PYR (Murex) ; vancomycin and teicoplanin MlCs were tested by Etest (AB BIODISK) according to manufacturer's instructions. All E. faecalis isolates were subjected to a multiplex-PCR specific for the vunA (primers uanA and vanAZ), vanB (primers vanB and vanBl), Enterococcus gallinarum uanCZ (primers vanCl and vanC2) and Enterococcus casselifiavus vanC2/3 (primers uanC1 and uanC2) ligase genes as described by Miele et al. (1995) . Four to five colonies were taken directly from agar plates using a straight wire and added directly to the PCR mixture (Patel et at., 1997) .
PCR of the LISR. The LISR sequence amplified and the sequences of the primers used are shown in Fig. l ( a ) ; the sequence of EFLGC (5' end 54 nt from the 3' end of the 16s rRNA gene) is specific for the LlSR and LRZOF (nt 21-38 of the 23s rRNA gene) is identical to region 5 described in Giirtler & Stanisich (1996) . A GC-clamp (CGCCCGCCGCGCCCCG-CGCC) was attached to the 5' end of primer EFLGC to improve detection of nucleotide substitutions by denaturing gradient gel electrophoresis (DGGE) (Sheffield et at., 1989). The PCR conditions have been described previously (Giirtler, 1993) except that AmpliTaq Gold (Perkin-Elmer) was used and four to five colonies were taken directIy from agar plates using a straight wire and added directly to the PCR mixture. DNA separated by conformation-sensitive gel electrophoresis (CSGE) and DGGE (see below) was eluted from the polyacrylamide gel by incubation with 20-50 pl TE at 4 O C overnight and 5 pl of this was then subjected to a further round of PCR.
Restriction endonuclease analysis. A 10 pl aliquot of the LISR amplicons was incubated with 1 U Tsp509l or HinfI (New England Biolabs) for 2 h at 65 "C.
PFGE. For preparation of agarose blocks, digestion with SmaI IP: 54.70.40.11
On: Sat, 22 Dec 2018 20:10:49 rDNA spacer heterogeneity in E. faecalis and separation of DNA fragments, the protocol of Giirtler et al. (1991) was followed with some modifications. Bacteria were grown in 10 ml tryptone soya broth (TSB, Oxoid) and placed in 1 mg lysozyme ml-' and 50 pg lysostaphin ml-l overnight at 37 "C. Specific digestion of rRNA operons was achieved by digestion of blocks overnight with 10 U of the intron-encoded endonuclease, I-CeuI (Liu et al., 1993) . The DNA fragments were separated with pulse times of 5 s for 10 h, 20 s for 10 h and 80 s for 10 h (SmaI), and 5 s for 6 h, 20 s for 8 h and 100 s for 16 h (I-CeuI).
Agarose gel electrophoresis. The uanA, B and C ligase gene amplicons were separated on 2 ' / o AR grade (IBI) agarose gels and the TspSOSI and Hinfl restriction endonuclease fragments were separared on 2% NuSeive (FMC) plus 2% AR grade agarose gels by loading 3 pl loading buffer (Giirtler, 1993) added to 10 pl PCR mixture.
Southern hybridization. For hybridizations, the prorocol of
Giirtler et af. (1991) was followed with one exception. The PCR product shown in Fig. 1 was digested with Hinfl; fragments from EFLGC to HinfI were purified and labelled with digoxigenin.
Conformation-sensitive gel electrophoresis (CSGE).
For CSGE the protocol of Ganguly et al. (1993) and Korkko et a f .
(1998) was followed with some modifications. The DCode apparatus (Bio-Rad) was used and 2 pl loading buffer (Giirtler, 1993) plus 6 pl undigested LISR amplicons were electrophoresed on a 16 % 99 : 1 ratio of acrylamide (Merck) to N,N'diacryloylpiperazine (Sigma) at room temperature for 16 h at 80 V in 1 x TTE (89 mM Tris/HCI, 15 rnM taurine, 0.5 mM EDTA) in the lower chamber and 0.25 x TTE in the upper chamber. A total of 6 pl PCR product plus 2 p1 loading buffer (Giirtler, 1993) was loaded per well and electrophoresis was performed at a constant 80 V at room temperature for 16 h.
After electrophoresis the gels were stained with ethidium bromide or SYBR green I (FMC bioproducts) and visualized on a UV transilluminator.
Denaturing gradient gel electrophoresis (DGGE).
For the detection of single base changes by DGGE the protocol of Myers et al. (1987) was followed with some modifications.
The DCode apparatus (Bio-Rad) was used to perform parallel and perpendicular DGGE with 8 '/o polyacrylamide (37.5 : 1) in Tris/acetate buffer at pH 8.0 (40 mM Tris/HCl, 20 mM acetate, 1 mM EDTA). The gradient was made with the Bio-Rad model 475 Gradient Delivery System with starting stock solutions of 20 '/o (8 % forrnamide and 1.4 M urea) and 40 '/o (16 '/o formamide and 2.8 M urea). A total of 100 pl PCR product plus 25 p1 loading buffer (Giirtler, 1993) was loaded into a single-well preparative comb (or half the amount for a double-well preparative comb) and electrophoresis was performed at constant voltage and temperature (130 V and 60 "C). After electrophoresis the gels were stained with ethidium bromide or SYBR green I and visualized on a UV transilluminator. DNA sequencing. All sequencing reactions were performed by dideoxy sequencing methods (Sanger et al., 1977) and analysed using an Applied Biosystems model 373 DNA sequencer (Perkin-Elmer) . Data analysis. The multiple sequence alignment was performed using CLUSTAL w (Thompson et al., 1994) . Photographs of electrophoresis gels of the TspSO91 digests were scanned using an Astra 610s (UMAX) flatbed scanner with an optical resolution of 300 x 600 d.p.i. and then NIH Image 1.59 was used to determine the relative number of pixels cor-responding to each band (expressed as a percentage of the total number of pixels from all the bands in a lane) from computer scanned photographs of agarose electrophoresis gels. The number of LlSR copies (rrnA, B or C) were determined from the experimental data using the formula (relative number of pixels/100) x (337/6) x 3, where 337 is the total length (nt) of the PCR fragment amplified, b is the size of the band (nt) and 3 is the total copy number of the LISR. For the 111 bp fragment the following correction factor was used: c, was derived from the band with size b nt (when present) such that c225/(c225 + cIs5 + c,,,) was used as a multiplication factor on cIl1. The DNA melt profile (the temperature of the 50 '/o probability that a nucleotide pair is dissociated) was calculated using POLAND (Poland, 1974) in the EGCG package supplied by the Australian National Genomic Information Service (ANGIS).
RESULTS AND DISCUSSION

LISR copy number
The number of copies of the LISR was determined as three using the following two approaches.
(1) The intron-encoded restriction endonuclease I-CeuI only recognizes a 23 bp sequence specific to all 23s rRNA genes producing a number of restriction fragments which correspond to the number of rRNA operons per bacterial genome (Liu et al., 1993) . When I-CeuI fragments from seven E. faecalis isolates (Table 1) were separated by PFGE and hybridized to the 130 bp LISR-specific HinfI fragment ( Fig. 1 ) in a11 seven isolates three fragments hybridized and one fragment (1-3 Mbp) did not hybridize (Table 1) .
( 2 ) To exclude the possibility of partial digestion of genomic DNA by I-CeuI the same experiment was performed substituting SmaI for I-CeuI which has more cleavage sites than I-CeuI (15-20 fragments are produced by SmaI). In the three isolates studied three (out of a total of 10-15) SmaI fragments (with both intra-and inter-isolate length variations) hybridized to the LISRspecific HinfI fragment (Table 1) . There is no SmaI cleavage site in the 23s rRNA gene nor in the 130 bp HinfI fragment used as a probe; however, there is one SmaI cleavage site at nt 1352-1357 of the 16s rRNA gene which is consistent with the detection of a polymorphic SmaI cleavage site past the 3' end of the 23s rRNA gene.
However, the possibility of r7n operon duplications resulting in more than three copies of the LISR cannot be excluded in other isolates. There were intra-and interisolate differences in the sizes of the hybridized fragments for both SmaI and I-CeuI, indicating that rearrangements in the genome or nucleotide substitutions in the SmaI or I-CeuI sites had taken place. Rearrangements are consistent with the insertion, deletion or duplication of DNA sequences such as insertion elements, as has been described for other Gram-positive bacteria (Leblond & Decaris, 1998) . It is also possible that the SmaI and I-CeuI fragment size differences are due to rrn operon rearrangements by homologous recombination as has been described for Salmonella typhi (Liu & Sanderson, 1995 LlSR & SlSR
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Heterogeneity between the three copies of the LlSR
The specific amplification of the LISR was achieved by using primer EFLGC ( Fig. la) that contains an LISRspecific sequence at the 3' end ( Fig. la) . Amplification of the LISR was done to avoid the pattern complexity introduced by extra restriction fragments from the SISR that do not differentiate isolates any further (results not shown). A single amplification product was obtained in all isolates when analysed by agarose gel electrophoresis or PAGE (results not shown). To determine whether there were intra-isolate sequence differences in the PCR amplification products obtained, representing the three 1788 copies of the LISR, the following three approaches were used :
(i) Detection of nucleotide substitutions using Tsp5091. To detect differences between E. faecalis isolates a restriction enzyme was sought which could differentiate between one or more of the five previously identified nucleotide substitutions in the LISR (Hall, 1994) . The sequence differences between rmA, B and C (identified in this study) at two TspSOSI sites (Tsp50911, nt 21-24; Tsp50912, nt 118-121) are shown in Fig. l(a) . The Tsp.5091 cleavage fragment sizes and the location of T~p.5091~-~ for alleles rmA, B and C are shown in Fig. rDNA spacer heterogeneity in E. faecalis (b) . Different combinations of these alleles were found and designated Tsp Types (Fig. 2) . Tsp50911 is present in rrnB and absent in rrnA and C, Tsp5091' is present only in rrnC and Tsp50913 is present in all alleles, isolates and Tsp Types (the 111 bp fragment was present at approximately equal intensity).
The nucleotide at position 22 (Fig. l b ) is 'A' in rrnB and 'G' in rrnA and C [the isolates from Hall (1994) with these nucleotides are listed in the Fig. l ( a ) legend]. This A: G nucleotide substitution abolishes the Tsp5091' site (AATT, Fig. l a ) found in rmB. The Tsp5091' site is only 20 bp from the end of the region amplified, making resolution of this Tsp5O9I1 restriction fragment difficult. The extra length provided by the 20 bp GC-clamp used in this study allowed easier resolution of this fragment by agarose gel electrophoresis. When Tsp.5091' is also present as in rrnB, fragments of 185 bp, 111 bp and 40 bp were obtained corresponding to Tsp Type I ( Fig.  2a ). When Tsp50911 was absent, as in rmA, fragments of 225 and 111 bp were obtained corresponding to Tsp Type IV (Fig. 2d ). The Tsp5091' site (identified in this study only and designated r m C ) was deduced from sizes of the digested fragments derived from the seven possible sites which required a single nucleotide substitution to create a Tsp5091 site (Fig. la) . Allele rrnC was present in Tsp Types I11 (Fig. 2c ) and VI (Fig. 2f ). The Tsp50911 site (rrnB) was also present in Tsp Types I1 (Fig. 2b) , V ( Fig. 2e) and VI (Fig. 2f) . However, in all of these isolates extra restriction fragments of variable intensity were present. When the lengths of these restriction fragments were added, the total length was greater than the length of the undigested amplicon (337 bp). These extra restriction fragments are unlikely to be partial digests because when the formula stated in Methods was used, the copy numbers of rmA, B and C were the same as when they were deduced from the length of each fragment. Based on the relative number of pixels for each fragment it was found that Tsp Types 11, V and VI contain a heterogeneous population of 14s-23s rDNA spacers: Tsp Type I1 has alleles rrnA and B in a ratio of 1 : 2 (Fig. 2b) ; Tsp Type I11 has alleles rrnA and C in a ratio of 2: 1 (Fig. 2c) ; Tsp Type V has alleles A and B in a ratio of 2: 1 ( Fig. 2e) and Tsp Type VI has alleles rmA, B and C in a ratio of 1 : 1 : 1 (Fig. 2f ).
(ii) Heteroduplex analysis using CSGE. Further evidence to support the presence of a heterogeneous population of LISR was sought by the use of CSGE to detect heteroduplexes (Fig. 3) . If a mixture of amplification products is obtained from an isolate containing nucleotide differences at one or more positions (corresponding to the presence of rrnA, B or C), heteroduplexes will be formed due to mismatches causing conformational changes under the mildly denaturing solvent conditions used in CSGE, the result being migration differences between homoduplexes and heteroduplexes (Ganguly et al., 1993) .
The CSGE of the LISR from 11 E. faecalis isolates is shown in Fig. 3(a) and a schematic representation of the allele combinations that may produce the observed heteroduplex and homoduplex molecules is shown in Fig. 3(b) . The positive strand and negative strand mismatches result in heteroduplexes that run at equivalent mobilities (represented as heteroduplex pairs in Fig. 3b ) since CSGE only detects conformation changes and not sequence differences (Ganguly et al., 1993) . The variants identified can be explained by the three possibilities shown in Fig. 3(b) using the diversity names listed in Table 2 .
(i) HOMI and 11. All three 165-235 spacers have identical sequences resulting in a single band corresponding to one homoduplex (Fig. 3a, lane l) , including seven isolates that are Tsp Types I ( Fig. 2a ) and IV (Fig. 2d ). The exceptions are those isolates that are Tsp Type V (Fig. 3a, lanes 7 , 10 and 11 ) with one band on CSGE (Type a) even though Tsp5091 cleavage demonstrates a mixture of two different allele sequences ( Fig. 2e ). These exceptions can be explained if T~p.5091~ (Fig. l a , 40 bp from 5' end) intra-isolate heterogeneity is not detected by CSGE, consistent with previous studies where singlebase mismatches within 50 bp of one end of a heteroduplex were shown not to produce extra heteroduplex bands by CSGE (Ganguly et al., 1993) . Fig. 3 (a) , lane 2 (HETVIII) , lane 3 (HETVI ; Fig. 5d DGGE predicts three heteroduplexes), lane 5 (HETII), lane 6 (HETVII; two bands were more visible on another gel not shown) and lane 9 (HETV). CSGE Type e has two bands even though Tsp5091 cleavage shows a mixture of three different allele sequences (Tsp Type VI) consistent with (i) above that T~p.5091~ heterogeneity is not detected by CSGE. Both Tsp Types 111 and VI have Tsp.5091' and produced very similar CSGE profiles, suggesting that the nucleotide substitution responsible for the creation of Tsp50912 was detected within CSGE Types c and e (Fig. 3a, lanes 5 and  9) . There is considerable CSGE variability within Tsp Type V with three homogeneous isolates (Fig. 3a, lanes  1,7,10 and 11) and two heterogeneous isolates (Fig. 3a,  lanes 2 and 6) .
(iii) HETIV. One allele (rrnA) has a single nucleotide only one mismatch each (R or S and X or Y; one allele has a correctly matched XY pair) or two allele sequences have two different nucleotide substitutions giving rise to two heteroduplexes with one mismatch and another heteroduplex with two mismatches. Type f (Fig. 3a,   lanes 4 and 8) has one most intense central homoduplex band and two heteroduplex bands on CSGE. However, Fig. 3b predicts three bands, thus one of the bands in CSGE Type f is expected to be a mixture of heteroduplex and/or homoduplex molecules. This contrasts to the prediction from --
the Tsp Type which is consistent . . with amplified and the products separated by CSGE, all bands gave the same band pattern as the original (Fig.  3a, lane 4) . In summary, heterogeneity between alleles due to the presence or absence of the T~p.5091~ cleavage site was not detected by CSGE. However, heterogeneity due to at least five other nucleotide substitutions (CSGE Types b, d, f and g) was detected by CSGE.
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(iii) Heteroduplex and homoduplex analysis using DGGE. To increase the resolution obtained with CSGE and Tsp typing, DGGE was used to resolve homoduplex and heteroduplex molecules generated by amplification of three copies of the LISR. When these sets of duplexes are separated by electrophoresis perpendicular to a linearly increasing gradient of denaturants (urea and formamide) the duplexes will meet a micro-environment that matches exactly the lowest melting domain of the 89349; 3, 235; 4, 3; 5, 197; 6, 200; 7, 203; 8, 3; 9, 162; 10, 185; 11, 195. (b) The plus strand is shown by the thick line and the minus (complementary) strand is shown by the thin line. The two nucleotide substitutions and their locations on one or more alleles are depicted as 'XY' and 'RS'. The three homoduplex molecules for alleles (rmA) has one nucleotide substitution (XY), another allele (rmB) has a different nucleotide substitution (RS) and the third allele (rrnC) has no nucleotide substitutions; both possibilities result in two heteroduplex pairs (the same number of heteroduplexes are expected with more than two nucleotide substitutions per strand).
duplexes and unwind, retarding their mobility (Myers et al., 1987) . The small differences in the melting temperature values of the various duplexes will allow a number of bands to be resolved corresponding to the number of different LISR sequences (one to three copies corresponding to one to three homoduplexes and zero to six heteroduplexes, respectively).
The theoretical melting temperatures of four LISR sequences reported by Hall (1994) are shown in Fig. 4 . The melting temperatures of LISR sequences from isolates 775-1,775-2 and 805 ( Fig. 4,68 " C ; Fig. l a , due to 'A' at position 134 and 'A' at position 163) in Domain I are predicted to be less than that from isolate 617 (Fig. 4,70 "C; Fig. l a , due to ' C ' at position 134 and ' G' at position 163) such that the homoduplex from 617
will migrate more quickly than the homoduplexes from Fig. 4 is the GC-clamp at the 5' end of the PCR product that is the synthetically added highest temperature melting domain making the detection of most of the nucleotide substitutions in Domain I1 possible ; without the GC-clamp, sequence-dependent gel migration will be lost upon complete strand separation (Myers et al., 1985a, b) .
When a fragment of a diploid eukaryotic gene with a single-base pair loop-out or nucleotide substitution on one chromosome is separated by perpendicular DGGE, a total of four curves are expected-two for the two possible homoduplexes and two for the two possible heteroduplexes (Lerman et d. Myers & Maniatis, 1986 ). However, both the identity of the unpaired base and the sequence of the flanking base pairs influence the degree of destabilization and therefore the resolution of homoduplex and heteroduplex denaturation melting curves (Ke & Wartell, 1995) . In those isolates that were HOMI or HOMII (Table 2) only one allele sequence was predicted (rrnB or rmA, respectively). When DGGE was used to resolve HOMI (Fig. Sa) and HOMII (not shown) one curve was obtained as expected. In the isolate that was HETII ( Table 2) , two allele sequences were predicted giving rise to the possibility of two homoduplexes and two heteroduplexes. The result obtained demonstrates two curves (Fig. 5b) as opposed to the expected four curves; the right-hand curve probably corresponds to the two homoduplexes and the left-hand curve to the two heteroduplexes. In those isolates that were HETIV and V (Table 2) three different allele sequences were predicted (rrnA, B and C) giving rise to the possibility of three homoduplexes (AA, BB, CC) and six heteroduplexes (AB, AC, BA, BC, CB, CA). Therefore a maximum of nine curves were expected on perpendicular DGGE. The result obtained demonstrates only six curves (Fig. 5c ), which may be due to the complementary heteroduplexes (AB and BA, AC and CA, BC and CB) migrating together as one curve; the two heteroduplexes on the right and the one homoduplex on the left in each of the three groups of two curves. In those isolates that were HETVI only two allele sequences were predicted. However, using perpendicular DGGE seven curves were obtained (Fig. 5d ), suggesting the presence of further nucleotide substitutions not detected by Tsp509I cleavage or CSGE.
For CSGE Types c, f and d (Fig. 5b, c and d V. G U R T L E R a n d OTHERS bands that contain only one type of duplex. The optimization of DGGE conditions may help to overcome these problems. A recent report has added a porosity gradient in addition to the denaturing gradient to achieve enhanced resolution of homoduplex bands (Cremonesi et al., 1999) .
In summary, Tsp.5091 cleavage, CSGE and perpendicular DGGE have characterized isolates into three clear categories on the basis of LISR sequence diversity (Table  2 ) : (i) HOMI and 11, only one allele sequence present; (ii) HETII and V-VIII, two allele sequences present; (iii) HETIV, three allele sequences present. To our knowledge this is the first demonstration of the use of CSGE and perpendicular DGGE for the characterization of a DNA sequence present in more than two copies per genome. DGGE or CSGE may be a faster and cheaper alternative to sequencing for screening large numbers of E. faecalis isolates for intragenomic LISR sequence heterogeneity. The results presented here demonstrate the increased sensitivity of DGGE (compared with Tsp509I cleavage and CSGE) for the detection of sequence variants in a mixture of DNA sequences present in more than two copies per genome.
Sequence diversity in the three copies of the E. faecalis LlSR
Two homogeneous LISR Types ( Table 2 , HOMI and HOMII) and eight heterogeneous Types (HETI-VIII) were demonstrated by Tsp.5091 cleavage, CSGE and DGGE. For the homogeneous Types (Table 2 , HOMI and HOMII) no sequence differences were detected between copies of the LISR using the three approaches. However, HOMI differs from HOMII by at least the presence of a T~p.5091~ site in all copies. In the heterogeneous Types ( Table 2 , HETI-VIII) the Tsp509I' site is present (in at least one copy and less than three copies) in conjunction with a number of other nucleotide substitutions.
The conservation (homogenization corresponding to HOMI and HOMII) of LISR sequences in E. faecalis may be explained by concerted evolution (Dover, 1982) where the number of intraspecies differences between genes is less than the number of interspecies differences (Zimmer el al., 1980) . Many more heterogeneous Types were detected (HETI-VIII) and could be explained by (i) base pair substitutions (including single and compensatory), (ii) genetic rearrangements (deletions, duplications, translocations and inversions) and (iii) horizontal transfer of DNA sequences from other species. Possible mechanisms by which these events could occur are homologous (i, ii and iii) and non-homologous (iii) recombination, random nucleotide substitutions (i) or by other events such as transposition.
A number of previous studies point to sequence heterogeneities in the 16s rDNA gene of some clostridial species; one HpaII site within the 16s rRNA gene was present on most alleles in Clostridium bifermentans, present on a minority of alleles in Clostridium sordelli 1794 and absent in Clostridium dificile (Giirtler et al., 1991) .
Sequence differences were documented between two different copies of the 16s rRNA gene in Mycobacterium cefatum (Reischl et al., 1998) and Mycobacterium sp. isolates (Ninet et al., 1996) . Differences have also been shown in Escherichia coli (Cilia et al., 1996) and in Thermobispora bispora (Wang et al., 1997) . In these species and in E . faecalis, evidence for the proposal that the ISRs do not differ much from the 16s rRNA genes at the level of isolated nucleotide substitutions (Perez-Luz et af., 1998; Anton et al., 1998) could be obtained by comparing the intragenomic sequence heterogeneity of these two regions. The level of insertion and deletion of sequence blocks found in the ISR has not been found in the 16s rRNA gene (e.g. Giirtler & Mayall, 1999; Anton et id., 1998; Perez-Luz et af., 1998) .
The intra-isolate sequence conservation of ISR sequence blocks (Gurtler & Mayall, 1999) , the insertion and deletion of some ISR sequence blocks and the intragenomic sequence diversity of LISR in E. faecalis demonstrated by this study must be explained in any mechanism invoking homologous recombination of complete rrn operons to explain concerted evolution of the ISR. In E. faecalis isolates, sequence diversity of the LISR may involve homologous recombination of regions susceptible to nucleotide substitutions within the spacer and subsequent fixation of nucleotide substitutions during homogenization. The three approaches described in the present study (Tsp.5091 cleavage, CSGE and DGGE) show considerable potential for determining the role of concerted evolution in LISR sequence diversity in E. faecalis isolates with known evolutionary relationships.
